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SUMMARY 
The convec t ive  hea t  t r ans fe r  p rope r t i e s  of a commercial wedge hot-f i lm probe 
wi th  a 40° semivertex angle  are  examined to  determine i t s  r e s p o n s e  i n  t r a n s o n i c  and 
low supersonic flows of high unit Reynolds number (i.e., 20 x IO6 t o  280 x 1 O6 per  
meter) . The r e s u l t s  of the  s tudy  show tha t  th roughout  this ent i re  f low regime,  the 
probe response depends on free-s t ream Mach number and consequently shows a g r e a t e r  
s e n s i t i v i t y  t o  v e l o c i t y  t h a n  t o  d e n s i t y  f l u c t u a t i o n s .  The " l o c a l  l i n e a r i z a t i o n  
method"  of Kova)sznay and  Morkovin is  used to  de r ive  the  wedge p r o b e  s e n s i t i v i t i e s  t o  
the   var ious  modal f l u c t u a t i o n s .  To absorb   the  Mach number dependence, these sens i -  
t i v i t i e s  are d e r i v e d  i n  terms of free-stream Reynolds number ra ther  than  s tagnat ion  
Reynolds  number. The dependence of t h e  p r o b e  s e n s i t i v i t i e s  on the  flow  parameters 
and  temperature  loading is then  examined.  This  analysis shows tha t  t he  p robe  dens i ty  
s e n s i t i v i t y  is only  weakly  dependent on temperature  loading. This weak dependence 
l e a d s  t o  i r r e g u l a r  b e h a v i o r  i n  t h e  s o l u t i o n  f o r  t h e  modal f l u c t u a t i o n s .  A method is  
recommended t o  s o l v e  f o r  t h e  modal f l u c t u a t i o n s  t o  w i t h i n  a n  a r b i t r a r y  f a c t o r  
depending on f r e e - s t r e a m  s t a t i c  p r e s s u r e  f l u c t u a t i o n s .  Both the  frequency  response 
(130 kHz) and t h e  d u r a b i l i t y  of t he  p robe  a re  sa t i s f ac to ry ,  bu t  t he  wedge probe 
exhibi ts  poor  yaw d i rec t iona l  response  a t  sonic  speeds.  
INTRODUCTION 
This  paper  examines the convect ive heat  t ransfer  propert ies  of  a commercial 
wedge-shaped  hot-f i l m  p robe  in  the  t r anson ic  to  low supersonic flow regime. Of par- 
t i c u l a r  i n t e r e s t  are those  supersonic  f lows  assoc ia ted  wi th  the  turbulen t  je t  shear  
l a y e r  a t  h i g h  u n i t  Reynolds number (i .e., grea te r  than  lo6 per  meter )  for  which a 
hot-wire   probe  has   insuff ic ient   mechanical   s t rength.   This  work o r i g i n a t e s  from a 
need to  obta in  turbulen t  f low de ta i l s  wi th  h igh  f requency  response  for  the  s tudy  of 
sound generat ion from shock-free and shock-containing supersonic jets. 
Ling and Hubbard (1956) introduced the wedge-shaped hot-film probe as a new 
device  for   turbulent   f low  research.   This   probe  consis ted of a th in   l ayer  of platinum 
f i lm fused  to  a wedge-shaped g l a s s  su r face .  'Ihe probe was developed as a means f o r  
studying flows for which hot-wire probes would  be impract ical ,  such as  l iquid and 
high speed supersonic gas flows that require a probe with high mechanical strength.  
Despite the high frequency response (100 kHz) obta ined  near  sonic  ve loc i t ies  by Ling 
and Hubbard wi th  the i r  p robe?  the  wedge hot-fi lm probe received l i t t l e  a t t e n t i o n  i n  
h igh  speed  appl ica t ions  unt i l  the  work of Glaznev (1973), who used a commercial ver- 
s i o n  of t he  wedge probe  in  a supersonic choked j e t  airstream. 
While  Glaznev did not  direct ly  specify how the  probe  vol tage  s igna l  was i n t e r -  
p r e t e d  i n  terms of the phys ica l  va r i ab le s ,  the paper  ind ica ted  tha t  the procedure 
used w a s  the  modal a n a l y s i s  method introduced by Kov&znay ( 1  950 and 1953) and 
Morkovin  (1956) for   the  cyl indrical   hot-wire   probe.   Like  Glaznev,   our   pr imary  moti-  
va t ion  for  us ing  the  wedge probe w a s  a n  i n t e r e s t  i n  o b t a i n i n g  r e l e v a n t  t u r b u l e n t  f l o w  
components that could be used to  improve understanding of the phys ica l  mechanisms 
assoc ia ted  wi th  noise  product ion  by high  speed j e t  flows. However, i n i t i a l  c a l i b r a -  
t i o n  tests in the Langley Jet-Noise Laboratory with a commercial hot-film wedge 
probe,  s imilar  to  Glaznev's,  demonstrated that i t s  response  in  supersonic  f low w a s  
s i g n i f i c a n t l y  d i f f e r e n t  from that observed   for   cy l indr ica l   type   sensors .   Thus?   th i s  
paper reports the r e s u l t s  of a s tudy whose purpose w a s  t o  examine the supersonic  
properties of wedge-shaped hot-film anemometry probes and t o  provide a means f o r  
i n t e r p r e t i n g  t h e i r  v o l t a g e  s i g n a l  i n  terms of the p h y s i c a l  variables. 
The supersonic  properties of t h e  wedge hot-f i lm probe were e s t a b l i s h e d  by pos i -  
t i o n i n g  a wedge probe a t  t h e  e x i t  of a supersonic  nozzle .  During the course of  the 
i n v e s t i g a t i o n ,  t h r e e  n o z z l e s  were used with nominal e x i t  Mach numbers of 1 .O, 1.5, 
and 2.0. The r e s u l t s  of these ca l ibra t ions   demonst ra ted  that  t h e  wedge probe 
response is Mach number dependent ,  bu t  tha t  th i s  dependence  can  be  absorbed  when t h e  
response is a n a l y z e d  i n  terms of a Reynolds number based on the free-stream s ta t ic  
temperature .   Cyl indrical   hot-wire  probes are a n a l y z e d  i n  terms o f ' a  Reynolds number 
based on stagnation temperature,  and as previous ly  shown by Laufer and McClellan 
(1956)  their  response becomes independent  of  free-stream Mach number above 1.3. 
This paper p r o v i d e s  d e t a i l s  o f  t h e  c a l i b r a t i o n  method used to  determine the 
response of t he  wedge probe  in  the  h igh  uni t  Reynolds  number range of 20 X 1 O6 t o  
280 x l o 6  per  meter. I n  a d d i t i o n ,  s e n s i t i v i t y  e q u a t i o n s  are derived  which  describe 
the  observed  behavior  of  the  probe. The d e r i v e d  s e n s i t i v i t y  c o e f f i c i e n t s  are exam- 
ined  to  determine their  dependence on the  f low parameters (i .e., Mach and  Reynolds 
numbers)  and  temperature  loading. Based  on t h e s e   r e s u l t s ,  a procedure is recommended 
which  can be used to  i n t e r p r e t  t h e  measu red  b r idge  vo l t age  f luc tua t ions  in  terms of 
t h e  f l u c t u a t i n g  f l o w  v a r i a b l e s .  The wedge probe behavior is also compared wi th  the  
response  of  cy l indr ica l  ho t - f i lm sensors  which were a l s o  examined using the same 
c a l i b r a t i o n  method.  In t h i s  way, a f a i r  es t imat ion   of   the  capabi l i t ies  of   the ca l i -  
b r a t i o n  method could be related t o  p r i o r  r e s e a r c h  r e s u l t s ,  a n d  a n  e s t i m a t i o n  of t he  
conduction  end  loss  could be examined. The d i rec t iona l   response   o f   each   probe   type  
is  also b r i e f l y  examined t o  e s t a b l i s h  capabili t ies of  each  probe  for  Reynolds stress 
measurements  using  dual  sensor  configurations.  A t y p i c a l  a p p l i c a t i o n  o f  t h e  wedge 
probe t o  supersonic turbulent flow measurements can be found in  Se ine r  and  Yu (1981) 
and  Seiner ,  McLaughlin,  and  Liu  (1982). 
SYMBOLS 
probe transformation matrix (eq. (26)  ) 
i nve r se   ma t r ix  (eq. ( 2 7 ) )  
p r o b e  s e n s i t i v i t y  to  free-stream  Reynolds number (eq. ( 2 8 ) )  
wedge hot - f i lm  probe   in te rcept   (eq .   (28) )  
sound speed 
probe diameter or wedge thickness  
mean and  f luc tua t ing  b r idge  vo l t a  
measured probe voltage array (eq.  
pseudo  voltages (eqs. (40)  and ( 4  
func t ion  def ined  by equat ion (30)  
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c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  
probe  cur ren t  
direct ional  probe response parameter  (eq. (44)  ) 
thermal conductivity of a i r  
length  of  f i lm p la t ing  on  cy l inder  or  wedge 
Mach number 
d(1n   po) /d( ln  To) 
Nusselt  modulus,  hcD/ko 
d (1n  ko ) /d ( ln  To) 
mean and  f luc tua t ing  p res su re  
convect ive and conduct ive heat  t ransfer  ra te  
probe  res i s tance  a t  293 .I5 K 
Reynolds number , pUD/ p 
leads,   probe,   and  recovery  res is tance 
Sp, Sur ST, Sp  probe   sens i t iv i ty   to   dens i ty ,   ve loc i ty ,   t empera ture ,  and p res su re  
To, Tb mean and   f luc tua t ing   s tagnat ion   tempera tures  
T r T r r T ,  probe,  recovery,  and  free-stream  temperatures 
u, u' mean and   f l uc tua t ing   f r ee - s t r eam  ve loc i ty  
P 
'j unknown v a r i a b l e   a r r a y  (eq. ( 2 6 ) )  
a f i l m   r e s i s t a n c e   t e m p e r a t u r e   c o f f i c i e n t  
aO 
a1 
Y r a t i o  of s p e c i f i c   h e a t s  
c o e f f i c i e n t  d e f i n e d  by equat ion  ( 2 2 )  
c o e f f i c i e n t  d e f i n e d  by equat ion  ( 2 3 )  
E = Qk/(Qk + Qc) 
v temperature   recovery  ra t io ,  Tr/To 
e overhea t ing  parameter, Tp/To 
P a b s o l u t e   v i s c o s i t y  
P I  P' mean and   f l uc tua t ing   f r ee - s t r eam  dens i ty  
3 
7 temperature   overheat  (eq. ( 4 )  1 
zwr 
3, probe yaw angle  
temperature  loading (eq. ( 2 4 )  1 
Subsc r ip t s :  
a 
0 
r e f  
OD 
ambient va lue  
s t a g n a t i o n  c o n d i t i o n  
r e f e r e n c e  q u a n t i t y  
f ree-s t ream value 
A bar  over  a symbol denotes time average. 
HOT-FILM  PROBES AND CALIBRATION PROCEDURE 
Four hot-fi lm probes (three wedge shaped and one c y l i n d r i c a l )  were used  . i n  th i s  
study.  Schematic  diagrams  of these commercial  probes are shown i n  f i g u r e s  1 and 2 .  
Table I l ists  seve ra l  r e l evan t  p rope r t i e s  o f  t hese  p robes .  
All t h e  p r o b e s  l i s t e d  i n  t a b l e  I have a 1000-A l aye r  o f  n i cke l  spu t t e red  on a 
g l a s s  s u b s t r a t e .  The t h i n  n i c k e l  f i l m  s e r v e s  as t h e  h e a t  s o u r c e  medium f o r  h e a t  
t r a n s f e r  to  t h e  f l u i d  medium, analogous to  t h e  f i n e  wire of a hot-wire  probe.  Since 
these probes were designed for  use in  l iquid f lows,  they have a t h i n  o u t e r  p r o t e c t i v e  
l aye r  o f  qua r t z  depos i t ed  ove r  t he  n i cke l  t o  p reven t  e lectr ical  shor t s .  In  h igh  
speed gas flows, this l a y e r  p r o t e c t s  t h e  n i c k e l  a g a i n s t  a b r a s i v e  c o n t a m i n a n t s  which 
can  lead  to  ear ly  probe  burnout .  The p r o b e s  i n  t a b l e  I have a 2.0-pm outer  pro tec-  
t i ve  qua r t z  coa t ing  excep t  fo r  p robe  W which  has a 0.5-pn coating. Probe frequency 
response is inve r se ly  p ropor t iona l  t o  the  th i ckness  o f  t he  p ro tec t ive  qua r t z  coa t ing .  
The supe r son ic  p rope r t i e s  o f  t he  wedge probes were e s t a b l i s h e d  by l o c a t i n g  a 
probe a t  t h e  e x i t s  of d i f fe ren t  supersonic  nozz les  where  the  f low is e s s e n t i a l l y  
uniform  and  turbulence  free.  Three supersonic  nozz les  wi th  des ign  ex i t  Mach numbers 
of 1.0, 1.5, and 2.0 were operated  in   and  around  their   design  point .   These  nozzles  
have   respec t ive   ex i t   d iameters   o f  3.962,  4.268, and 4.989 c m .  For a given  supersonic  
nozzle  and constant  supply temperature ,  there  is a nozz le  pressure ra t io  range  a round 
t h e  d e s i g n  p o i n t  where t h e  j e t  ex i t  ve loc i ty  r ema ins  cons t an t .  In  th i s  r ange ,  a 
l i n e a r  v a r i a t i o n  of t he  nozz le  p re s su re  r a t io  p roduces  a p r o p o r t i o n a l l y  l i n e a r  v a r i a -  
t i o n  i n  t h e  j e t  e x i t  d e n s i t y .  This is t r u e  f o r  a l l  n o z z l e  p r e s s u r e  r a t i o s  p r o d u c i n g  
underexpanded  flow  or  producing  overexpanded  flows  without a normal  shock. This 
nozz le  ex i t  cond i t ion  is summarized i n  f i g u r e  3,  which  shows the  measured v a r i a t i o n  
of t he  mean mass f l u x  a t  t h e  e x i t  f o r  e a c h  of  the three nozzles .  These data  are 
normalized by the  mean mass f l u x  ( P U ) , , ~  ob ta ined  when operating  each  nozzle a t  i ts  
design point .  
The d a t a  of f i g u r e  3 b r a c k e t  t h e  e n t i r e  t es t  range for  the hot-f i lm probe cal i -  
b r a t i o n s .  The d a t a  were e s t a b l i s h e d  by measurement of t h e  e x i t  s t a g n a t i o n  and s t a t i c  
p r e s s u r e  and the  supply  s tagnat ion  temperature .  The small r e g i o n  i n  f i g u r e  3 showing 
a non l inea r  va r i a t ion  o f  mass f l u x  w i t h  p r e s s u r e  r a t i o  was obta ined  by o p e r a t i n g  t h e  
Mach 1.0 nozzle a t  s u b c r i t i c a l  p r e s s u r e  r a t i o s .  Thus in   th i s   subsonic   range ,   p robe  
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c a l i b r a t i o n s  were obtained with a cons tan t  j e t  e x i t  d e n s i t y  and a v a r i a b l e  e x i t  
ve loc i ty .  The d a t a  of f i g u r e  3 show t h a t  w i t h  t h i s  method  of c a l i b r a t i o n ,  it i s  
p o s s i b l e  t o  o b t a i n  a 10 t o  1 v a r i a t i o n  of  the parameters  for  probe cal ibrat ion.  
The response of anemometry probes is commonly expressed  in  terms of the  non- 
dimensional  Nusselt  modulus Nuo = hcD/ko,  where hc represents   the   convec t ive   hea t  
t r a n s f e r  c o e f f i c i e n t  and  ko  the  gas  thermal  conductivity a t  s t agna t ion   cond i t ions .  
The Nusselt modulus is a measure of t h e  h e a t  t r a n s f e r r e d  by the  p robe  to  the  su r -  
rounding f luid medium by convection. For probes that have a s m a l l  a s p e c t  r a t i o ,  a 
s i g n i f i c a n t  amount of h e a t  is a l s o  t r a n s f e r r e d  by conduct ion  to  suppor t ing  members. 
Using the end conduction loss cor rec t ions  of  Lord (1974) ,  Ho, McLaughlin,  and T r o u t t  
(1978) have shown that  i n  low Reynolds number supersonic  f lows,  the sensor  response 
is often dominated by t h i s  component a t  low probe temperature overheats (i.e., 
0 = T /T n e a r   u n i t y ) .  The hea t   ba lance   equat ion   for   cons tan t - tempera ture  ane- 
mometer probes is  given by P O  
I 2 R = & + a  P P  
which simply expresses that ohmic hea t ing  in  the  absence  of  rad ia t ive  hea t  losses  i s  
balanced by convective C& and  conductive Qk hea t   t r ans fe r .   S ince  most  anemometry 
sensors  are  rarely operated above 3 O O 0 C ,  h e a t  loss due t o  r a d i a t i o n  i s  n e g l i g i b l e .  
The present inves t iga t ion  invo lves  the  s t u d y  of the  wedge-shaped hot-f i lm ane- 
mometer in  high  Reynolds number supersonic  f lows.  In  this  f low  regime, as shown i n  
the  next  sec t ion ,  the  conduct ive  hea t  t ransfer  cont r ibu t ion  is  considerably smaller  
than  that   due  to   convect ion.  Under these  conditions,   probe  end loss c o r r e c t i o n s  a r e  
small and  ohmic hea t ing  is ba lanced  pr inc ipa l ly  by the  convec t ive  hea t  t r ans fe r  mode. 
In terms of the   Nusse l t  modulus Nuo and  temperature  recovery ratio (q = Tr/To) ,  t h e  
ohmic hea t ing  is given by 
where the  parameter a i s  equa l   t o  2 f o r  a wedge probe  and t o  7c f o r  a c y l i n d r i c a l  
probe.  In equation ( 2 ) ,  T and To r e fe r   r e spec t ive ly   t o   t he   p robe   t empera tu re  
and f l u i d  s t a g n a t i o n  temperature. From equat ion ( 2 ) ,  the   Nusse l t  modulus  can be P 
expres sed  in  terms of t h e  p r o b e  e l e c t r i c a l  q u a n t i t i e s  as 
2 
aEb z + 1 Rr Nu =-- 
' akoL [ R ~ ( z  + I 1 + R~ + SO] 2 
where the temperature  overheat ,  probe resis tance,  and probe current  ( for  a 50-52, 
1-to-1 br idge)  are given by 
R - R r  




'p Rr(7 ;  + 1 )  + RL + 50 
In  equat ion  (31,  %, %, and RL r e f e r   e s p e c t i v e l y  t o  t h e  measured  anemometer 
br idge  vol tage,   the   probe  recovery  res is tance,   and  the  leads  res is tance.  The param- 
eter a is the   f i lm   r e s i s t ance   t empera tu re   coe f f i c i en t .  The Nussel t  modulus  and the  
f lu id  the rma l  conduc t iv i ty  in  equa t ion  (3 )  a r e  r e fe renced  t o  the s tagnat ion tempera-  
t u r e .  A l l  h e a t  t r a n s f e r  d a t a  p r e s e n t e d  i n  t h i s  p a p e r  are based on the  N u s s e l t  modu- 
lu s  as determined  from  equation  (3). 
MEASURED HOT-FILM PROBE RESPONSE 
When conduction end losses are neg l ig ib l e ,  Kov:sznay (1953)  and Morkovin 
have shown t h a t  t h e  h e a t  t r a n s f e r  from a h o t  wire depends dimensionally on the  
parameters as fol lows:  
( 1  956 
flow 
Nuo = Nuo(M,Reo,8) I 
where 8 = Tp/To is  the  overheating  parameter  and M is the  f ree-s t ream Mach 
number. 
On t h e  b a s i s  of t h i s  a n a l y s i s ,  p r o b e  c a l i b r a t i o n  r e s u l t s  are customarily ana- 
lyzed i n  terms  of a Reynolds number based on s tagnat ion  tempera ture  condi t ions  
(i .e., Reo = pUD/po). As can be observed i n  Figure 4, the  response of the  c y l i n -  
d r ica l  ho t - f i lm sensor ,  p robe  3,  compares  favorably on th i s  bas i s  w i th  the  a sympto t i c  
empi r i ca l  hea t  t r ans fe r  co r re l a t ion  de r ived  by Behrens (1971) for hot-wire probes 
with  conduction end loss co r rec t ion .  As previously  demonstrated by Laufer  and 
McClellan  (1956)  for  lower  cylindrical  probe  Reynolds  numbers,  this  comparison shows 
that  the cyl indrical  probe response does not  depend on Mach number when M > 1.3. 
The r e s u l t s  a l s o  show that at  high probe Reynolds numbers,  end conduction losses are 
small i n  view of the  agreement  with  Fkhren's  asymptotic  curve.  This  view i s  a l s o  
supported by the   hea t   conduct ion   es t imate  of the  appendix.  This estimate shows t h a t  
t h i s  mode accounts  for  no more than 7.5 percent  of  the t o t a l  hea t  t r ans fe r r ed  and  
t h a t  i ts influence  diminishes  with  increasing  probe  Reynolds numbers.  These results 
agree with the data  shown i n  f i g u r e  4 and suggest that  conduction end losses can be 
assumed small f o r  t h e  wedge probe because of s i m i l a r i t i e s  i n  the  thermal  proper t ies  
of the materials used i n  i ts  cons t ruc t ion .  
T y p i c a l  r e s u l t s  f o r  t h e  wedge hot-f i lm probe are  shown i n  f i g u r e  5 f o r  e x i t  Mach 
numbers of 1 .OO, 1.41, and  1.99.  Unlike  the  behavior  of  the  cylindrical   probe,  these 
da ta  def in i te ly  depend on free-s t ream Mach number  when co r re l a t ed  wi th  the  s t agna t ion  
Reynolds  number.  Although  these  data are for   probe Z of t a b l e  I, a l l  o ther  wedge 
probes  exhibi ted a similar behavior i n  terms of the  stagnation  Reynolds number. This 
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behavior can be better understood by examining the dependence of the Nussel t  modulus 
d i r e c t l y  on the  phys ica l  var iab les .  
From the  same d a t a  se t  as i n  f i g u r e  5, t he  Nusselt modulus is c o r r e l a t e d  i n  
f i g u r e  6 wi th   t he   f r ee - s t r eam  dens i ty   r a t io  (p /pa)  '12. Here represents   the  
ambient  density  to  which the supersonic  j e t  exhaus ts .  In  th i s  f igure ,  the  f ree-  
stream v e l o c i t y  appears as a parameter and is a cons t an t  fo r  each  of t he  th ree  f r ee -  
stream Mach numbers, s ince  the  supply  s tagnat ion  temperature  is constant .  This par- 
t i c u l a r  d a t a  c o r r e l a t i o n  r e p r e s e n t s  t h e  method by which the  da t a  are a c t u a l l y  
obtained from each supersonic nozzle.  It is apparent  f rom f igure 6 t h a t  the Nusselt 
modulus c o r r e l a t e s  w e l l  with ( p/pa) 'I2 when the free-s t ream veloci ty  is held  con- 
s t a n t .  I f  t h e  wedge probe  had  the same s e n s i t i v i t y  to  dens i ty  as t o  v e l o c i t y ,  t h e  
da t a  of f i g u r e  6 would co r re l a t e   w i th  (pu) 'I2. However, as shown i n  f i g u r e  7, t he  
Nussel t  modulus f o r   t h e   t h r e e  Mach numbers co r re l a t e s   i n s t ead   w i th  p0*5u0*765. This 
behav io r  c l ea r ly  sugges t s  t ha t  t he  wedge h o t - f i l m  p r o b e  e x h i b i t s  g r e a t e r  s e n s i t i v i t y  
t o  v e l o c i t y  t h a n  t o  d e n s i t y  o v e r  t h e  e n t i r e  test range of  this  s tudy.  The s i g n i f i -  
cance of th i s  pa r t i cu la r  exponen t  of ve loc i ty  is  demonstrated below. 
pa 
The Nussel t  modulus r ep resen t s  a measure of the similarity between the hydro- 
dynamic  and thermal boundary layers by v i r t u e  of the dependence of the convect ive 
h e a t  t r a n s f e r  c o e f f i c i e n t  on the  f low  var iables .  It i s  of in terest  to   no te   the  
empi r i ca l  r e l a t ionsh ip  between the  absolu te  gas  v iscos i ty  and temperature as given by 
Morkovin  (1956)  gives a va lue   for  mo of  0.765 f o r  a i r  temperatures  between 270 K 
and 350 K. S ince  the  da ta  of  f igure  7 co r re l a t e  we l l  w i th  the  same exponent  for  
v e l o c i t y ,  a c o r r e l a t i o n  of t he  wedge probe data with free-stream Reynolds number i s  
suggested as a  means for  incorpora t ing  the  apparent  Mach number e f f e c t :  
m 
I n  equation (9 ) ,  t h e  r e l a t i o n s h i p  between  the  Reynolds  numbers  based on the  f r ee -  
s t r e a m  s t a t i c  (Reo , )  and s tagnat ion (Reo)  temperatures  i s  modified by a term which 
depends on the free-s t ream veloci ty  outs ide the thermal  boundary layer  of the  wedge 
probe surface.  
I n  f igure  8 ,  the  wedge f i l m  c a l i b r a t i o n  d a t a  of f i g u r e  5 for probe 2, are  pre-  
sented i n  terms of  free-stream  Reynolds number. It i s  apparent  tha t  th i s  parameter  
cor rec t ly  absorbs  the  Mach number dependence i n  t he  ca l ib ra t ion  da ta ,  and the re fo re  
represents  the  appropr ia te  manner by which t o  view  these  data .   Figures   8(b)  
and 8 (c ) ,  fo r  p robes  Y and W, demonstrate similar behavior with the free-stream 
Reynolds  number. The least s q u a r e  f i t s  to  the  da t a  in  f igu res  8 (a )  t h rough  8 ( c )  show 





hot-fi lm probe would depend dimensionally on the flow parameters as 
r l =  I 
7 
i n  con t r a s t  t o  t he  pa rame t r i c  dependence  fo r  cy l ind r i ca l  p robes  expres sed  by equa- 
t i o n  ( 7 ) .  I n  t h e  f o l l o w i n g  s e c t i o n ,  t h i s  parametric dependency on the   f low  var iab les  
is used to  d e r i v e  t h e  s e n s i t i v i t y  c o e f f i c i e n t s  f o r  t h e  wedge fi lm probe, which are 
similar to  those der ived by  Morkovin f o r  t h e  c y l i n d r i c a l  s e n s o r .  
ANALYSIS OF EXPERIMENTAL RESULTS 
Wedge Hot-Film S e n s i t i v i t y  C o e f f i c i e n t s  
To ob ta in  the  f luc tua t ing  f low va r i ab le s ,  va r i a t ions  in  the  anemometer output  
must be expres sed  in  terms of  the  f low var iab le  f luc tua t ions .  On t h e  b a s i s  of 
Morkov in l s  ana lys i s  fo r  cy l ind r i ca l  s enso r s ,  t he  f luc tua t ing  anemometer br idge  vol t -  
age is cus tomar i ly   expressed   in  terms of d e n s i t y  p, v e l o c i t y  U, and s t agna t ion  
temperature To. By using  equat ions ( 2 )  and (61,  and   no t ing   t ha t  
d {ln[Rp/(Rp + RL + 50) I } = 0 for  constant- temperature  operat ion,  the br idge vol tage 
var ia t lons  can  be expressed i n  terms of the  f luc tua t ing  f low va r i ab le s  as 
2 
d(1n  ZJ - = - d ( l n  Qc) e '  1 
Eb 2 
( 1 1 )  
s i n c e  d (  In  Eb) ZJ AE /Eb. The approximation in  equat ion (1 1 ) is  due t o  Kov&znay 
(1953)  and Morkovin  v1956)  and is known formally as " t h e  l o c a l  l i n e a r i z a t i o n  method." 
As such, the approximation is on ly  va l id  fo r  t hose  po in t s  i n  a flow where the local 
t u rbu lence  in t ens i ty  l eve l  is not  high (i .e. , less than 20 pe rcen t ) .  The logari thmic 
d e r i v a t i v e  of t he   convec t ive   hea t   t r ans fe r  rate Q, can be determined  from  equa- 
t i o n  ( 2 )  as 
d ( l n  ko) 
o d ( l n  To) n =  
8 
4 Morkovin g ives  a va lue  of  0.085 f o r  no €or  a i r  in   the   t empera ture   range  from 270 K 
t o  350 K. For constant- temperature  anemometry, d ( l n  T ) = 0 by d e f i n i t i o n  and i s  
not  cons idered  fur ther .  Equat ion  (1  2 )  can be p u t  i n  a Form compatible with 
Morkovin's c y l i n d r i c a l  p r o b e  r e s u l t s  by cons ide r ing  the  r e l a t ion  
d ( l n  p-) = m d ( l n  T-),  which  follows  from  equation (81, a long  with  the  fol lowing 
u s e f u l  r e l a t l o n s :  0 
d ( l n  Re-) = d ( l n  p) + d ( l n  U) - m d ( l n  Tw) 
0 
d ( l n  T-) = d ( l n  To) - (' ' I M 2  d ( l n  M )  
1 + y ' 1 M 2  2 
d ( l n  c-1 = d ( l n  co) - 
1 + y - 1 M 2  
d ( l n  M )  
2 
d ( l n  M )  = d ( In - ," ) = (I + M ~ )  [d(ln U) - d ( l n  T 
W 
0 
S u b s t i t u t i o n  of the  above  re la t ions  in  equat ion  (1 2)  produces the fol lowing heat  
balance equat ion for  balanced constant- temperature  wedge probe anemometry: 
e '  p' U '  
E 
- = s  + s u r -  S T T  0 
b p p  0 
where t h e  s e n s i t i v i t y  c o e f f i c i e n t s  are given by 
9 
and  the  coe f f i c i en t s  a l ,  and T by 
aO wr 
In  the  next  sec t ion  the  f luc tua t ing  f low var iab les  are determined from solution of 
equation ( 1 8 )  . 
Determination of Fluctuating Flow Var iab les  
The f l o w   f l u c t u a t i o n   v a r i a b l e s  p '  , u' , and T; are r e l a t e d   t o   t h e  measured 
anemometer   br idge  vol tage  f luctuat ion e' through the loca l ly   l i nea r i zed   equa -  
tion, ( 1 8 1 ,  which is va l id  on ly  fo r  small f low f luc tua t ions .  As previous ly  shown by 
Kovasznay (1953) and Morkovin ( 1  956) , the flow fluctuations can be determined from 
equat ion  (1  8)  through  var ia t ion  of t h e   s i n g l e   a d j u s t a b l e  parameter T~ t ha t   appea r s  
i n  s e n s i t i v i t y  e q u a t i o n s  ( 191, ( 20) , and ( 2 1  1. Since the probe can be operated only 
a t  a s ing le   va lue  of T~ a t  one time, only  the mean and mean squa re   f l uc tua t ing  
anemometer bridge  voltages  can be cons idered   re levant .  Thus, t he   f l ow  f luc tua t ion  





T' 2 e '  
" 




w h e r e   t h e   c o r r e l a t i o n   c o e f f i c i e n t s  are given by R = plu l /pU,  R 
and RUT = u'  TrJUT,. PU PT - 
Equat ion  (25)  conta ins  s ix  unknowns, t h e  mean squa re  f low f luc tua t ion  va r i ab le s  
p '  2, u '  2, and TA2 and the i r   mu tua l   co r re l a t ions  RgU, R and RUT. So lu t ion  
f o r  t h e s e  q u a n t i t i e s  r e q u i r e s  t h a t  t h e  p r o b e  be opera ed a t  a minimum of s i x  probe 
temperature  overheats  for  constant  mean free-s t ream condi t ions and that  the mean 
PT' 
10 
free-stream Mach number be determined by an independent measurement t o  s a t i s f y  a u x i l -  
i a ry   equa t ions   (22 )   and   (23 )   fo r  a. and a,. The r e su l t i ng   sys t em of s i x   l i n e a r  
a lgebra ic  equat ions  based  on equat ion (25)  can be w r i t t e n  i n  m a t r i x  form as 
where A. is  a 6 X 6 matrix c o n t a i n i n g   t h e   s e n s i t i v i t y   c o e f f i c i e n t   f a c t o r s  of  -equa- 
t i o n  ( 253, X j  is a l X 6 mat r ix   con ta in ing   t he   s ix  unknown variables ,   and 
is  a 1 x 6 mat r ix   con ta in ing   t he   s ix  measured vol tage  ratios e' /Eb . The s o l u t i o n  
for  the f low variables  can then be determined from equat ion (26)  by s o l v i n g  f o r  t h e  
inverse   mat r ix  of Aij  as shown by 
j 
Ei - 
2 2  
where I A l  denotes  the  determinant  and A-' t he   i nve r se   ma t r ix  of 
Aij 
Horstman  and Rose ( 1977) r e p o r t e d   t h a t   t h e  Ai .  matr ix  i s  n e a r l y   s i n g u l a r   f o r  
cy l ind r i ca l   p robes .   In   t he   ana lys i s   t ha t   fo l lows ,  %he matr ix  Aij  f o r   t h e  wedge 
probe i s  found t o  behave  s imilar ly .  To demonst ra te   th i s   behavior ,   ana ly t ica l   expres-  
s ions  are developed  for  the  var ious  terms t h a t  a p p e a r  i n  s e n s i t i v i t y  e q u a t i o n s  ( 1  9), 
(201,  and ( 2 1  ) . I n  t h e  n e x t  s e v e r a l  s e c t i o n s ,  t h e  v a r i a t i o n  of t h e  wedge probe sen- 
s i t i v i t y   c o e f f i c i e n t s  is  r e l a t e d  to  the  f low  parameters (i.e., M and R e  ) and t o  
the  temperature   loading 
m 
=wr 
Var ia t ion  of Wedge Probe  Sens i t iv i ty  Wrms  With Flow Parameters 
In  th i s  s ec t ion ,  t he  va r ious  terms a p p e a r i n g  i n  t h e  s e n s i t i v i t y  e q u a t i o n s  f o r  
S , Su, and S are ana lyzed   wi th   respec t   o   the i r   func t iona l   dependence  on and 
rg la t ive  var ia t ion  wi th  the  f low parameters .  The comple te  ca l ibra t ion  da ta  f i l e  f o r  
probe Z is used   for   th i s   purpose .  The fo l lowing   ana lys i s  shows t h a t  r e l a t i v e  t o  
o ther  terms, the dependence of recovery  tempera ture  ra t io  on free-stream Reynolds 
number (i.e., a ( l n   q ) / a ( l n  R e m )  can be cons idered   negl ig ib le ,   bu t  i ts  dependence on 
free-stream Mach number shou ld  in  gene ra l  be retained.  In  addition,  the  dependence 
of the  Nussel t  modulus on the  overheating  parameter 8 is found t o  be s i g n i f i c a n t  
and must always be retained. 
T 
I n   f i g u r e  9, the  dependence of q on free-stream  Reynolds number is shown f o r  
free-stream Mach numbers  of 1.00, 1.41, and 1.99. For cons tan t   f ree-s t ream Mach  num- 
ber, q appears  to  be  independent  of  the free-stream Reynolds number. The v a r i a t i o n  
that  does occur  for  each free-s t ream Mach number f a l l s  w i t h i n  t h e  a c c u r a c y  of t he  
temperature gauge (+0.loC or k0.4 percen t  of reading) used to measure the stagnation 
temperature This can be observed from the data scatter for  those  poin ts  near  
the  same free-stream  Reynolds number. This scatter pr imar i ly  occurs  i n  t h e  s o n i c  
d a t a  a t  low Reynolds  numbers. The r e s u l t s  i n  f i g u r e  9 are cons is ten t  wi th  those  
obtained by Laufer and McClellan (1956) for cylindrical  type sensors operating with 
stagnation Reynolds numbers  above 40. 
To 
1 1  
The d a t a  i n  f i g u r e  9 do indicate ,  however ,  that  the temperature  recovery rat io  
f o r  t h e  wedge probe  depends on Mach number. In  Figure  10,   this  dependence is exam- 
ined  by using  the  average  values  of q for   each  test Mach number, inc luding   the  
subsonic Mach numbers  of 0.50 and  0.90. These d a t a  are shown by the  open  round sym- 
bols .  A second  order least square  curve is  f i t t e d  t o  t h e s e  d a t a  t o  e n a b l e  e s t i m a t i o n  
o f   t he   l oga r i thmic   de r iva t ive   va r i a t ion  of .q with Mach number. The least square 
coe f f i c i en t s  ob ta ined  are i n c l u d e d  i n  f i g u r e  10.. F r o m  t h i s  least square  representa-  
t i on ,   t he   l oga r i thmic   de r iva t ive   va r i a t ion   o f  r) w i t h  Mach number  shown i n  f i g u r e  1 1  
i s  obtained. 
As can  be  observed i n  f i g u r e  11,  the  genera l  t rend  of  the  resu l t ing  var ia t ion  
f o r  t h e  wedge probe is similar t o  t h a t  o b t a i n e d  by  Morkovin (1956)  fo r  cy l ind r i ca l  
sensors  wi th  severa l  no tab le  except ions .  The wedge probe  var ia t ion  is more gradual ,  
t he  peak  magnitude is much l e s s ,  and the  peak loca t ion  occurs  a t  a higher  Mach  num- 
ber.  The change i n  t he  peak loca t ion  wi th  Mach number can  be  par t ia l ly  expla ined  by 
the behavior  associated with the probe body shocks; a more s l ende r  wedge probe than 
t h a t  of f i g u r e  1 would produce a peak a t  even a h igher  Mach number. The r e l a t i v e  
importance of the  term - a ( l n  q ) / a ( l n  M )  a ssoc ia ted   wi th   the  wedge probe i n  f i g -  
u r e  11 cannot be determined u n t i l  the dependence of the  Nusse l t  modulus on the  tem- 
perature  overheating  parameter 8 is  examined. 
The dependence of the Nusselt modulus on free-stream Reynolds number i n  .f ig- 
ures   8 (a)   th rough  8(c)  is shown f o r  one temperature   overheat   condi t ion.  Figure 1 2  
shows how the  wedge probe response depends on the temperature overheating parameter 
8 = T /T , which  from equat ion ( 4 )  i s  r e l a t ed   t o   t he   t empera tu re   ove rhea t  7; by 
0 = ( dl?o)” + q . In   f igure  12, the  probe Z data   ob ta ined  €or a l l  Mach numbers 
examined (i.e., 0.5 < M < 2.0) are least s q u a r e s  f i t t e d  f o r  e a c h  of t he   t h ree  tem- 
pera ture   overhea ts   used   in   th i s   tudy .   l f iese  least s q u a r e   c o e f f i c i e n t s ,  A and B, 
a r e  t a b u l a t e d  i n  f i g u r e  12. The da ta  show t h a t  t h e  N u s s e l t  modulus decreases  with 
increasing temperature  overheat ing a t  a constant free-stream Reynolds number and 
sugges t  the  fo l lowing  re la t ionship  to  account  for  the  dependence  on temperature over- 
heat and Reynolds number: 
P O  
mom equat ion (281, the  logar i thmic  der iva t ive  of t he  N u s s e l t  modulus w i t h  r e s p e c t  t o  
free-stream Reynolds number a t  a constant  temperature  overheat  is given by 
1 2  
, With equat ion   (29) ,   the   func t iona l   dependence   of  q on Mach number can be i n v e s t i -  
gated as it appears,  for example, i n   s e n s i t i v i t y   e q u a t i o n   ( 2 0 )  for  Su. The r e l e v a n t  
ra t io  t o  be considered is 
where by p rev ious   cons ide ra t ions  the term a ( l n   q ) / a ( l n  Re-) can be neglected.  The 
funct ion  f (M,Re,, 8) is  p l o t t e d  i n  figure 13  for  three temperature  loadings that are 
p e r t i n e n t  t o  t h e  wedge probe operat ion.  A c o n s t a n t  free-stream Mach number of 1.25 
was se l ec t ed  because  th i s  va lue  maximizes t h e  term a ( l n  q ) / a ( l n  M ) ,  as shown i n  
f i g u r e  11. It is apparent   f rom  f igure   13  that the dependence of q on Mach number 
s h o u l d  n o t  i n  g e n e r a l  be n e g l e c t e d ,  p a r t i c u l a r l y  when us ing  l o w  values of wedge probe 
temperature  overheat  a t  free-stream Mach numbers near 1 .25. 
It is now p o s s i b l e  t o  demonstrate  an important  funct ional  difference between 
wedge and c y l i n d r i c a l  probes, which has an important influence on t h e  s o l u t i o n  f o r  
t h e   f l u c t u a t i n g   f l o w   v a r i a b l e s   i n   e q u a t i o n  (1 8). With the  dependence  of r) on 
Reynolds number aga in   neglec ted   in   equa t ions   (19)   and   (20) ,   equa t ions   (28)   and   (29)  
and t h e  r e s u l t s  i n  f i g u r e  11  can  be  used to  estimate the  ve loc i ty- to-dens i ty  sens i -  
t i v i t y  r a t i o  Su/Sp for   any  given  f ree-s t ream Mach and  Reynolds numbers. This com- 
puted r a t io  is shown i n  f i g u r e  1 4  as a funct ion of  Mach number f o r  a c o n s t a n t  free- 
stream Reynolds number of 20000 and  three  temperature  loadings.  The r e s u l t s  i n  f i g -  
u r e  14  only  weakly  depend  on  the  free-stream  Reynolds number, and  the R e  = 20000 
w a s  s e l ec t ed  because  it bisects the range of the c u r r e n t  d a t a .  
m 
As can be observed i n  f i g u r e  14,  the wedge p r o b e  s e n s i t i v i t i e s  t o  ve loc i ty  and  
t o  d e n s i t y  are unequal  except  a t  one Mach number that  depends on t h e  probe 
tempera ture   loading .   In   cont ras t  t o  th i s   behav io r ,  both Laufer  and  McClellan  (1956) 
and Horstman and Rose (1 977) have shown t h a t  a c y l i n d r i c a l  s e n s o r  h a s  a n  e q u a l  
s e n s i t i v i t y  t o  v e l o c i t y  a n d  to  d e n s i t y  i n  t h e  Mach number range  above 1.3. This 
d i f f e r e n c e  i n  b e h a v i o r  i s  e n t i r e l y  a t t r i b u t e d  to  the behavior of probe body shocks; 
f o r  a cy l inde r ,  the shock is es sen t i a l ly  no rma l  nea r  t he  body producing subsonic 
f l o w ,  a n d  f o r  t h e  wedge, the shock is oblique producing supersonic flow. 
The computed r e s u l t s  above M = 2 .O i n  f i g u r e  1 4  s h o u l d  be in t e rp re t ed  cau -  
t i o u s l y ,  s i n c e  t h e  wedge probe was n o t  examined  above t h i s  Mach number. The separa- 
t i o n  o f  t h i s  s e n s i t i v i t y  ra t io  with  temperature  loading above M = 2.5 is s t r o n g l y  
inf luenced  by t h e  estimated behavior  of the temperature  recovery ra t io  q with Mach 
number shown i n   f i g u r e  11. It is  e n t i r e l y  possible, f o r  example, that q could 
become independent  of Mach number beyond M = 2.0. *en, S u p p  would become inde- 
pendent of temperature loading and monotonically increase with Mach number, as shown 
by the s o l i d  c u r v e  i n  figure 14 for which  Su/Sp = al.  Determination  of  the  depen- 
dence of q on Mach numbers g r e a t e r  t h a n  2.0 represents   an   impor tan t  area f o r  f u r -  
t he r  r e sea rch  on  the  wedge probe. 
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A t y p i c a l  v a r i a t i o n  of the   Nusse l t  modulus wi th  8 is shown i n  f i g u r e  1 5  for 
the free-stream Mach number of 1.99. I n  t h i s  f i g u r e ,  t h e  free-stream Reynolds number 
appears as a parameter, and as expected from t h e  d a t a  i n  f i g u r e  12, it accounts  €or 
t h e  largest v a r i a t i o n  i n  t h e  data. It is e v i d e n t  t h a t  a n  i n c r e a s e  i n  t h e  free-stream 
Reynolds number is accompanied by a n  i n c r e a s e  i n  the dependence of Nusse l t  modulus 
on 8. 
The relative impor tance   o f   a ( ln  NU ) / a ( l n  8 )  a p p e a r i n g   i n   s e n s i t i v i t y  equa- 
t i o n   ( 2 1 )  for ST can be gauged by t a k i n g  t h e  l o g a r i t h m i c  d e r i v a t i v e  of equa- 
t i on   (28 )  with respect t o  8 a t  a cons tan t  free-stream Reynolds number as follows: 
0 
Equation  (31) makes use  of  the empirical c o e f f i c i e n t s  A ( 8 )  and B ( 8 )  and  explic- 
i t l y   d i sp l ays   t he   dependence  on free-stream  Reynolds number. The Nuo term appear- 
ing   i n   equa t ion   (31 )   can  be c a l c u l a t e d  from equat ion  (28) .   Figure  16 shows t h e  
r e s u l t s   o b t a i n e d  from equat ion  (31)  t o  estimate t h e  term a(ln  NUo)/a( ln  0 ) .  Only a 
few  free-stream  Reynolds numbers are shown, b u t  t h e s e  b r a c k e t  t h e  r a n g e  i n  t h i s  
i n v e s t i g a t i o n .  The da ta   ob ta ined  a t  these  selected  Reynolds  and Mach numbers are  
shown by t h e  plotted symbols. They are determined by d i r ec t  eva lua t ion  o f  t he  loga -  
r i t h m i c  d e r i v a t i v e  from re levant   da ta   such  as those shown i n  f i g u r e  15. As can be 
observed in  f igu re  16 ,  equa t ion  (31  ) provides a reasonable  estimate for t h e  v a r i a t i o n  
of the  logar i thmic  der iva t ive  of  the  Nusse l t  modulus with temperature  overheat  fo r  
t h e  e n t i r e  Mach number and  Reynolds number r anges  inves t iga t ed .  
By using equat ion (311,  the relat ive dependence of the  Nusse l t  modulus  on t e m -  
perature   overheat   can be e s t i m a t e d   i n   t h e   s e n s i t i v i t y   e q u a t i o n   ( 2 1 )  for ST. The 
r e l e v a n t  ra t io  to  be considered is  
where  again  the term a ( l n   q ) / a ( l n  Re,) is neglected.  The function  g(M,Rem,8) is 
p l o t t e d  i n  f i g u r e  17   for   the  same three   t empera ture   loadings   used   in   f igure  13. A s  
can be ohserved  in  f igure  17 ,  the  logar i thmic  der iva t ive  of  the  Nusse l t  modulus  wi th  
respect t o  temperature overheat i s  of increasing importance as temperature overheat 
increases ,   and i t s  r e l a t i v e   c o n t r i b u t i o n  t o  the   eva lua t ion   o f  ST cannot be 
neglected.  The s e l e c t i o n  of a free-stream Mach number of  1.25 in   equat ion   (29)   p ro-  
duces a minimum absolu te  va lue  wi th  respect t o  Mach number f o r  t h e  f u n c t i o n  
g(M,Rem, 8 ) .  This  can  he  seen by r e c a l l i n g   f i g u r e  11 for   the  dependence of q on 
Mach number. Thus, t h e  r e s u l t s  of f i g u r e  17 r e p r e s e n t  a minimum c o n t r i b u t i o n  f o r  t h e  





To summarize the  r e su l t s  o f  this sec t ion ,  the  above  ana lys i s  has  shown t h a t  t h e  
i wedge probe  dependence  of v on  Reynolds number can be  neglected,   but  the  dependence 
of q on Mach number should  be  retained. The dependence  of  the  Nusselt  modulus on 
temperature  overheat  w a s  found t o  be s i g n i f i c a n t  and must always be re ta ined .  %e 
wedge p r o b e  s e n s i t i v i t i e s  t o  v e l o c i t y  and t o  d e n s i t y  were found t o  be unequal  for  the 
e n t i r e  Mach number range  examined (i .e., 0.5 C M C 2 ) .  
The above r e s u l t s  p e r t a i n  t o  wedge probe Z. Even though  the  other wedge probes 
show no s i g n i f i c a n t  d e v i a t i o n  from these  resul ts ,  small differences in  probe behavior  
do  ccur. To minimize  . these  differences i n  so lv ing   fo r   t he   i nve r se   ma t r ix  Ael of 
equat ion (27) ,  each probe must  be independent ly  ca l ibra ted  wi th  respec t  to  i ts  par- 
t icu la r   dependence  on Nu ( R e  , e) and v ( M ) .  
0 -  
Variat ion of  Wedge P robe  Sens i t i v i t i e s  With Temperature Loading 
In   the   p receding   sec t ion ,   var ious  terms i n  t h e  s e n s i t i v i t y  e q u a t i o n s  f o r  Sp, 
Sur  and ST were analyzed  using  the  complete  probe Z c a l i b r a t i o n   d a t a   f i l e .  This 
analysis  provided the means to  numer ica l ly  estimate the  th ree  modal s e n s i t i v i t i e s  f o r  
any  given  free-stream Mach and  Reynolds  numbers.  In t h i s  s e c t i o n ,  t h e s e  s e n s i t i v i -  
ties a r e  examined to  de t e rmine  the i r  r e l a t ive  va r i a t ion  wi th  r e spec t  t o  p robe  f i lm  
temperature  loading, as expressed by the   va r i ab le  7 def ined  by equat ion ( 2 4 )  . 
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The v a r i a t i o n  of the temperature  loading provides  the mechanism fo r  so lv ing  
equation ( 1  8 )   fo r   t he   f l ow  f luc tua t ion   va r i ab le s  PI, u p ,  and TA. The accuracy  of 
t h e  s o l u t i o n  t o  e q u a t i o n  (1  8) is i n t e g r a l l y  r e l a t e d  t o  t h e  v a r i a t i o n  of t he  sens i t i v -  
i t y  r a t i o s  ST/Su, sT/sp, and  su/Sp  with  temperature  loading. When the re  is a 
sma l l  va r i a t ion  of  any of  these Sensi t ivi ty  ra t ios  with temperature  loading,  then the 
t ransformation  matr ix   ofequat ion  (26)  i s  nea r ly   s ingu la r .  
Figure  18 shows the   e s t ima ted   va r i a t ion  o f   t h e   s e n s i t i v i t y   r a t i o  ST/Su with 
temperature  loading for  several  f ree-s t ream Mach numbers that  bracket  the range of  
t h i s   i n v e s t i g a t i o n  (i .e., 0.5 < M C 2 ) .  F i g u r e   1 8 ( a )   r e f e r s   t o  results when 
Re = 2500, and   f igure   18(b)  when Reoo = 35000. The e s t i m a t e d   s e n s i t i v i t y   r a t i o  i s  
obrained by us ing  the  ana lys i s  of the  preceding  sec t ion  to  de te rmine  the  appropr ia te  
l oga r i thmic   de r iva t ives .  The computed results i n  f i g u r e  18 show t h a t  t h e  r a t i o  
ST/Su var ies   nonl inear ly   with  temperature   loading,   the  most rap id   var ia t ion   occur -  
r i ng  a t  lower  values  of 7 . The ca lcu la ted   da ta   appear   func t iona l ly   s imi la r ,   the  
magnitude of  ST/Su beingWgodified by a change i n  free-stream Mach o r  Reynolds 
number . 
The v a r i a t i o n  of t h e  s e n s i t i v i t y  r a t i o  S /sP with  the  temperature   loading is 
s i m i l a r  a s  shown i n  f i g u r e  19.  Figure  19( a )  sxows t h a t  t h i s  r a t i o  depends  only 
weakly on free-s t ream Mach number. Figure  19(b)  shows the   dependence   of   th i s   ra t io  
with free-stream Reynolds number as a parameter a t  a free-s t ream Mach number of 1.25. 
I n   c o n t r a s t   o  the v a r i a t i o n  of e i t h e r  ST/Su or  ST/Sp  with  temperature  loading, 
t he  Su/S p r a t i o  depends much less on temperature  loading, as shown i n  f i g u r e  20. 
Figure  20(a) shows t h i s  dependence a t  R e  = 2500. Figure 20( b )   i n d i c a t e s   t h a t  
increasing  Reynolds number f u r t h e r  weaken: the  dependence of t h e   r a t i o  Su/S on 
temperature  loading. P 
The r e l a t i v e l y  weak dependence of Su/Sp  on  temperature  loading  requires  fur- 
ther i n v e s t i g a t i o n   i n t o   t h e   i n d i v i d u a l   v a r i a t i o n  of the sU and Sp s e n s i t i v i t i e s  
with  the parameter ‘I; . Figures 21 ( a )  and 21 ( b )   r e s p e c t i v e l y  show the  dependence 
of su and Sp on f o r   s e v e r a l  f ree-stream Reynolds numbers a t  a cons t an t  w r  
‘I;W 
15 
free-stream Mach number of 1.25. C lea r ly ,  the wedge p r o b e  s e n s i t i v i t y  to  d e n s i t y  
Sp is f o r  a l l  practical  purposes  independent  of  the parameter zwr. Inc lus ion   o f  
t h i s   s e n s i t i v i t y   i n   t h e   t r a n s f o r m a t i o n   m a t r i x  Ai j  of equation  (26)  produces a 
nea r ly  s ingu la r  ma t r ix .  Ac tua l  computa t ions  wi th  th i s  e s t ima ted  dens i ty  sens i t i v i ty  
p r o d u c e d   i r r e g u l a r   r e s u l t s   f o r   t h e   r e s u l t i n g   i n v e r s e  matrix A” of   equat ion  (27) .  
These  r e su l t s  s t rong ly  sugges t  that, as shown by f i g u r e  2 1 ( b ) ,  t h e  d e n s i t y  s e n s i t i v -  
i t y .  be t r e a t e d  as independent  of z . In   the   next   sec t ion ,   the   above   cons idera t ion  
i s  implemented to  demonstrate how one can i n t e r p r e t  t h e  wedge probe response. w r  
RECOMMENDED  METHOD OF SOLUTION FOR FLUCTUATING FLOW VARIABLES 
on t h e  b a s i s  of the r e su l t s  i n  the  p reced ing  sec t ion  conce rn ing  the  r e l a t ive  
independence  of   the  sensi t ivi ty  Sp to   temperature   loading,  it is clear t h a t   g i v e n  
the k0.4-percent accuracy of the current measurements, equation ( 1 8 )  cannot be solved 
for   the   th ree   independent  modal f l u c t u a t i o n s .  However, by assuming that the sens i -  
t i v i t y  S is independent  of b, as supported by f i g u r e  21 ( b )  , equat ion  ( 1  8) can 
be  so lved  fo r  bo th  ve loc i ty  and  t empera tu re  f luc tua t ions  to  wi th in  an  a rb i t r a ry  f ac -  
t o r .  Two p o s s i b i l i t i e s  arise a t  t h i s   p o i n t .  
E i t h e r  t h e  a r b i t r a r y  f a c t o r  c a n  be l e f t  r e l a t e d  t o  d e n s i t y  f l u c t u a t i o n s  o r  it 
can be r e l a t e d  t o  s ta t ic  p r e s s u r e  f l u c t u a t i o n s .  With  supporting  optical   measure- 
ments ,  the  dens i ty  mode would  be p r e f e r r e d ;  however,  with  supporting  probe  measure- 
ments,   the  pressure mode would be preferred  with  the  fol lowing  advantages.   Solut ion 
o f  aux i l i a ry  equa t ions  ( 2 2 )  and  (23)  already  requires  an  independent  measure of t he  
mean s t a t i c  and t o t a l  pressures to  so lve  fo r  t he  loca l  f r ee - s t r eam Mach number. Tbe 
s t a t i c  pressure measurements c a n  be ex tended  to  inc lude  the  f luc tua t ing  part. Addi- 
t i o n a l l y ,  i n  a f r ee  supe r son ic  mix ing  l aye r ,  pa r t i cu la r ly  a hea ted  one ,  pressure  
f l u c t u a t i o n s  are always smaller than  dens i ty  f luc tua t ions  because  of  the  h igh  modal 
correlation  between  density  and  temperature.  Thus,   because  of   the  higher   sensi t ivi-  
ties t o  v e l o c i t y  and temperature  inherent  to  the wedge probe operat ion,  as demon- 
s t r a t e d  by figures 19 and 20, the a r b i t r a r y  f a c t o r  r e l a t e d  t o  pressure can be assumed 
small and  can  of ten  be  neglec ted  to  y ie ld  a f i r s t  o r d e r  s o l u t i o n  t o  e q u a t i o n  (1  8 ) .  
I n  t h i s  paper, t h e  a r b i t r a r y  f a c t o r  is r e l a t e d  t o  p r e s s u r e  f l u c t u a t i o n s  t o  t a k e  
advantage of  this  feature  as shown below. 
For a p e r f e c t  g a s ,  d e n s i t y  f l u c t u a t i o n s  are r e l a t e d  t o  p r e s s u r e  and temperature 
f l u c t u a t i o n s  by 
d ( l n  p)  = d ( l n  P) - d ( l n  To) ( 3 3 )  
Subs t i t u t ing  equa t ion  ( 3 3 )  i n t o  e q u a t i o n  (1  4 )  f o r  d ( l n  p )  and using equat ions (1  5) , 
(16)  , and ( 1  7 )  , r e s u l t s  i n  t h e  f o l l o w i n g  a l t e r n a t e  e x p r e s s i o n  f o r  t h e  l o g a r i t h m i c  
v a r i a t i o n  of the free-stream Reynolds number: 
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With  equation (34 )  s u b s t i t u t e d  i n  e q u a t i o n  ( 1 2 )  i n s t e a d  of equat ion   (14)   for  
d ( l n   e q u a t i o n  (18) can be r e w r i t t e n   i n  terms of t h e   f l u c t u a t i n g  modes p' u '  , 
and TA as 
- e'  p' U '  T: 
E 
b 0 
= s  
P P  
+ s u r -  S T T  
where the s e n s i t i v i t i e s  are given by 
m a ( l n   NU^) 
ST=:[(' +e -+  P + s u + -  .r; w r  a ( l n  0 )  
- .I 0 
(35)  
(38) 
As shown p r e v i o u s l y  i n  figure gr temperature recovery r a t i o  is re la t ive ly  independent  
of free-stream Reynolds number and is e l i m i n a t e d  i n  t h e  a b o v e  s e n s i t i v i t y  e q u a t i o n s .  
Comparing  probe s e n s i t i v i t y   e q u a t i o n s   ( 1 9 1 ,  ( 2 0 I r  and  (21)  with  equations  (361, (371, 
and (38) i n d i c a t e s  t h a t  t h e  s e n s i t i v i t y  t o  tempera ture  increases  t o  account  for  den-  
s i t y  f l u c t u a t i o n s ,  w h i l e  t h e  s e n s i t i v i t y  t o  veloci ty  remains unchanged and the sensi-  
t i v i t y  t o  p r e s s u r e  is e q u i v a l e n t  t o  t h a t  f o r  d e n s i t y .  Thus,  based on prior observa- 
t i o n s  w i t h  d e n s i t y ,  t h e  p r e s s u r e  s e n s i t i v i t y  c a n  be assumed t o  be independent of 
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e ' = E S  - P' 
P b P P  
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Equation (39) can be so lved  as before  by u s i n g  e q u a t i o n  ( 2 6 )  o r  by the g r a p h i c a l  
modal a n a l y s i s  method of  Kovgsznzy  (1953).  In  either case, t h e  f l u c t u a t i n g  v o l t a g e  
c o n t r i b u t i o n   d u e   t o   p r e s s u r e  e'  must be es t imated   f rom  f luc tua t ing  s ta t ic  p res su re  
measurements o r  assumed t o  be   negl ig ib le .   I f   es t imated ,  the a s s o c i a t e d  p r e s s u r e  
measurements must be accomplished i n  real  time t o  p r e s e r v e  the requi red  phase  infor -  
mation  between e' and e '  . 
P 
P 
The r ight-hand s ide of  equat ion (39)  can be p u t  i n t o  a more convenient form as 
previous ly  shown by Kov&znzy (1953). W i t h  the f o l l o w i n g  d e f i n i t i o n s ,  
<e C > =F/% 
c) 
e*& = <ec> /ST 2 2  
C 
r = S / S  
U T  
equation  (39)  can  be  given as 
<u> = 
< T  0 > =IT/ 0 
R ~ T  =- u ' T ' / ~ u ' ~  (TA 2 
0 
0 
*2 2 2  ec = <U> r - 2RUT <u><To>r + <To> 2 
0 
(43)  
Equat ion (43)  has  the same f u n c t i o n a l  form a s  t h a t  f o r  t h e  c y l i n d r i c a l  s e n s o r .  
Either Kovgsznzyls graphical modal a n a l y s i s  method or  equat ion (26)  can be used to  
so lve   equa t ion   (43 ) .  A t  least  three  temperature   overheats  are r e q u i r e d   t o   s o l v e   f o r  
t he   coe f f i c i en t s   <u> ,  
example  of appl ica t ion  of  equat ion  (43)  can  be found in  ,Se iner  and  Yu (1981) ,  who 
s tudied the turbulence propert ies  of  an unheated shock-containing supersonic  j e t  
plume. I n   t h e i r  work,  however,  they  assumed t h a t  e '  = 0. 
<To>r  and 
appea r ing   i n   equa t ion   (43 ) .  A t y p i c a l  
P 
ASSOCIATED PROPERTIES OF HOT-FILM PROBES 
D i r e c t i o n a l  Response  of  probe 
A q u a n t i t y  of g r e a t  i n t e r e s t  t o  t h e o r e t i c i a n s  and  expe r imen ta l i s t s  a l ike  is t h e  
v a r i a t i o n  of the turbulent  Reynolds  stress tensor  (i .e. , u!u! ) i n  s u p e r s o n i c  f r e e  
j e t  and boundary layer flows. In certain fluid dynamic problems , t h i s  stress tensor  
may be obtained from a predetermined sampling method t o  o b t a i n ,  f o r  example, coherent 
structure  within  the  f low.  Probes  designed  for  Reynolds stress measurements  have two 
sensors   angled   to   the   p robe   ax is .  Thus, t he   d i r ec t iona l   r e sponse  of t h e  wedge probe 
w a s  examined. 
1 7  
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Only par t ia l  r e s u l t s  have been obtained for the wedge probe; however some i n t e r -  
e s t i n g  similarities e x i s t  between i ts  d i r ec t iona l  r e sponse  and  tha t  of the  cy l in-  
dr ica l  ho t - f i lm probe .  F igures  22 and 23 r e spec t ive ly  show the  yaw d i r e c t i o n a l  
response  for  the  cy l indr ica l  and  wedge probes. ~n both cases, the  da ta  are norma- 
l i z e d  by d a t a  a t  the normal flow angle of + = Oo . On t h e  b a s i s  of the dimensions 
given i n  f i g u r e  2, t he  cy l ind r i ca l  p robe  has  an  a spec t  r a t io  (L /D)  of  only 43. 
According t o  t h e  e x p e r i m e n t a l  r e s u l t s  of Champagne, S l e i che r ,  and Wehrmann, (1967) ,  
heat  conduct ion losses are of grea te r  s ign i f icance  wi th  small a s p e c t  r a t i o  p r o b e s ,  
s ince  the  convec t ive  hea t  t r ans fe r  is reduced by the  f ac to r  ( cos  +). For very  high 
aspec t  ra t io  probes  where  L/D > 600,, they found that the  cos ine  l a w  is adequate  to  
descr ibe  the  d i rec t iona l  response  of  a h o t  w i r e .  With small a s p e c t  r a t i o s ,  t h e i r  
da ta  empir ica l ly  cor re la ted  accord ing  to  
Nu (+) = Nuo(cos + + k2 s i n  +) 2 2 
0 
( 4 4 )  
Thei r  da ta  were obtained a t  a low subsonic speed of 35 m/sec, and for  probes with 
L/D = 200 t o  600, the  parameter k r e spec t ive ly   va r i ed   non l inea r ly  from 24 t o  0. 
The c y l i n d r i c a l  h o t - f i l m  d a t a  i n  f i g u r e  22 a r e  compared with those given by equa- 
t i o n  ( 4 4 ) ,  t h e   s o l i d   l i n e   r e p r e s e n t i n g  k = 0 and the  dashed l i n e  represent ing  
k = 0.95. The d a t a  a t  supersonic   speeds  c losely  fol low  the  cosine l a w  behavior 
( i . e . ,  k = 0 ) ,  bu t  the  da ta  a t  subsonic  and  sonic  speeds show poor  d i rec t iona l  
response. This can be a t t r ibu ted   perhaps   to   conduct ion   losses ,  as suggested by 
equation ( 4 4 ) ,  o r  t o  p e c u l i a r  t r a n s o n i c  e f f e c t s .  
The  wedge probe data  of f i g u r e  23 a l s o  show poor  direct ional  behavior  when  com- 
pared with the cosine law a t  subsonic and sonic  speeds.  While  one  might  expect  the 
wedge probe to  have improved direct ional  behavior  a t  supersonic speeds,  as does the 
c y l i n d r i c a l  p r o b e ,  f u r t h e r  i n v e s t i g a t i o n  i s  required before  use of dual sensor wedge 
probes  €or  Reynolds stress measurements. 
Probe Frequency Response and Durability 
The frequency response of the  wedge probe w a s  examined by performing the s tan-  
dard square wave i n s e r t i o n  test while the probe was operated i n  a supersonic  stream 
under balanced conditions.  With a I - t o -?  b r idge  r a t io ,  t h i s  tes t  i n d i c a t e d  t h a t  t h e  
frequency  response w a s  near 130 kHz for   probe Z .  I n  a d d i t i o n  t o  t h i s  test, the  
recent results of  Seiner,  McLaughlin,  and  Liu  (1982) show tha t  the  response  i s  a t  
least  40 kHz since these measurements  demonstrate  the exis tence of  a universal  mixing 
l aye r  spec t rum fo r  t he  in i t i a l  mix ing  layer associated with the f low from the  Mach 2 
nozzle.  The d u r a b i l i t y  of the  probe is remarkable  compared  with  cylindrical  sensors 
from t h e  s t a n d p o i n t  t h a t  none  of t h e  e l e c t r i c a l  p a r a m e t e r s  of wedge probes degrade 
with  long-term  use. Also wedge probes  survive  in  severe  f low  environments,   whereas 
c y l i n d r i c a l  p r o b e s  a r e  s u b j e c t  t o  f a i l u r e  i n  t h e  t u r b u l e n t  s h e a r  z o n e s  of supersonic  
flow. 
Probe Limitat ions and Associated Diff icul t ies  
The method adop ted  fo r  ana lys i s  of the  wedge hot-f i lm probe fol lows the local  
l i n e a r i z a t i o n  method introduced by Kovikznay (1  950 and 1953) and Morkovin ( 1  956)  for  
hot-wire  probes. As such,  the method i s  l imi t ed   t o   t u rbu lence  measurements  where the  
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local t u r b u l e n c e  i n t e n s i t y  is a small percentage  of the mean flow. Thus s i g n i f i c a n t  
errors can occur when the  local t u r b u l e n c e  i n t e n s i t y  l e v e l  e x c e e d s  20 pe rcen t .  
The major disadvantage of operating the wedge hot-fi lm probe is that a u x i l i a r y  
measurements are r equ i r ed  to  de termine  the  loca l  free-stream Mach number i f  n o t  known 
a p r i o r i .  I n  a d d i t i o n ,  when p res su re  o r  dens i ty  f luc tua t ions  canno t  be  assumed  neg- 
l i g i b l e ,  t h e n  t h e  f l u c t u a t i n g  s ta t ic  p res su re  m u s t  a lso be obtained concomitant ly  
wi th  wedge hot-fi lm measurements.  Cylindrical  hot-wire or hot-film  probes  have a 
similar problem in  the  t r anson ic  f low range ,  bu t  fo r  supe r son ic  f r ee - s t r eam Mach 
numbers  exceeding  1.3, these problems are avoided because the cy l ind r i ca l  p robe  has  
the same s e n s i t i v i t y  t o  d e n s i t y  as t o  v e l o c i t y  a n d  t h e s e  s e n s i t i v i t i e s  are indepen- 
d e n t  of the  f ree-s t ream Mach number. Unfor tuna te ly ,   the   cy l indr ica l   p robe   cannot  
withstand high Reynolds number supersonic  f lows,  l ike the ones Seiner  and Yu (1981 ) 
and Seiner,  McLaughlin,  and  Liu ( 1  982)  considered. 
CONCLUSIONS 
This  r epor t  has  examined the response obtained with a wedge hot-f i lm probe in  
t ransonic  and low supersonic  f low with high uni t  Reynolds  numbers of 20 x 1 O6 t o  
280 x lo6 per meter. The r e s u l t s  of t h i s  s t u d y  showed t h a t  t h e  wedge probe  response 
depends on Mach number through the entire flow range when co r re l a t ed  wi th  a Reynolds 
number based on s tagnat ion  temperature   condi t ions.  When co r re l a t ed  wi th  a Reynolds 
number based on the free-s t ream s t a t i c  temperature conditions,  the dependence of the 
probe response on Mach number i s  appropriately absorbed.  
Based  on t h i s  r e s u l t ,  a p p r o p r i a t e  s e n s i t i v i t i e s  t o  d e n s i t y ,  v e l o c i t y ,  and tem- 
p e r a t u r e  f l u c t u a t i o n s  were d e r i v e d  f o r  t h e  wedge p r o b e  a c c o r d i n g  t o  l o c a l  l i n e a r i z a -  
t i o n  method  of  Kovgsznay  and  Morkovin.  Examination  of the va r i a t ion  o f  t hese  sens i -  
t i v i t y  c o e f f i c i e n t s  w i t h  the flow parameters showed t h a t  it is p o s s i b l e  t o  n e g l e c t  
the dependence of the temperature recovery ratio on free-stream Reynolds number and 
that  unl ike the cyl indrical  probe response above Mach 1.3,  the wedge probe  sens i t iv -  
i t y  t o  v e l o c i t y  i s  general ly   a lways larger than i ts  s e n s i t i v i t y  t o  d e n s i t y .  T h i s  
r e s u l t  h a s  a f a r - r e a c h i n g  e f f e c t  on methods used t o  i n t e r p r e t  t h e  wedge probe voltage 
response,  since one i s  f o r c e d  t o  s o l v e  f o r  a l l  t h r e e  modal f l u c t u a t i o n s .  
Examination of t h e  v a r i a t i o n  of t he  wedge probe modal s e n s i t i v i t i e s  w i t h  temper- 
a ture  loading  showed t h a t  t h e  d e n s i t y  s e n s i t i v i t y  w a s  v i r tua l ly  independen t  of tem- 
perature   loading.   Inclusion of t h e   d e n s i t y   s e n s i t i v i t y   i n   t h e   p r o b e   t r a n s f o r m a t i o n  
ma t r ix  p roduced  i r r egu la r  r e su l t s  t ha t  were d i r e c t l y  a t t r i b u t e d  t o  t h e  weak depen- 
dence   o f   the   dens i ty   sens i t iv i ty  on temperature  loading. On t h e  b a s i s  of t h i s  f i n d -  
ing ,  it was conc luded  tha t  un t i l  more accu ra t e  anemometry ins t rumenta t ion  becomes 
a v a i l a b l e ,  the f luc tua t ing  f low var iab les  can  only  be de termined  to  wi th in  an  a rb i -  
t r a r y  f a c t o r .  The paper shows,  however, t h a t  w i t h  a concomitant measure of t h e  f l u c -  
t u a t i n g  s ta t ic  pressure, both  the  f luc tua t ing  ve loc i ty  and  tempera ture  modes can be 
determined from the  wedge hot - f i lm  vol tage   f luc tua t ions .   This   represents   the   recon-  
mended procedure to  be used for  analyzing the wedge hot-fi lm response.  
Heat conduct ion  losses  for  the  wedge hot-fi lm probe were n o t  e x p l i c i t l y  t r e a t e d  
i n  t h i s  paper. However, a one-dimensional estimate for   hea t   conduct ion   losses   a long  
with an empirical h e a t  t r a n s f e r  l a w  f o r  h o t  wires with end conduct ion loss  correct ion 
i n d i c a t e d  t h a t  t h e  h o t - f i l m  c y l i n d r i c a l  s e n s o r  h a s  small end conduction losses a t  
high  Reynolds  numbers.  Extension  of  this estimate t o  t h e  wedge probe  geometry repre- 
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sents  an important  area for  fur ther  research ,  s ince  even  small conduction end loss 
cor rec t ions  can  s t rongly  inf luence  the  behavior  of  the  wedge probe t ransformation 
matrix.  
The d i r ec t iona l  r e sponses  fo r  bo th  cy l ind r i ca l  and  wedge hot-f i lm probes indi-  
ca t e  t ha t  nea r  son ic  cond i t ions ,  ne i the r  probe type produced adequate r e sponse  fo r  
Reynolds stress measurements.  With  supersonic  free-stream Mach numbers  and low 
turbulence  leve ls ,  the  cy l indr ica l  ho t - f i lm probe  exhib i ted  good d i r e c t i o n a l  
response.  Addit ional  research is requ i r ed  to  de f ine  the  d i r ec t iona l  r e sponse  of t he  
wedge probe beyond the sonic condition. 
Even though the wedge probe  requi res  auxi l ia ry  measurements  to  de te rmine  e i ther  
f l u c t u a t i n g  s ta t ic  pressure  or  f luc tua t ing  dens i ty  and  to  de te rmine  loca l  f ree-s t ream 
Mach number, it o f f e r s  a means whereby the  f luc tua t ing  ve loc i ty ,  t empera ture ,  and  
their  mutual  correlat ion can be obtained with good frequency response (=130 kHz). 
This r e p r e s e n t s  a n  a t t r a c t i v e  f e a t u r e ,  f o r  t h e s e  m u l t i p l e  modes have thus far  been 
modeled i n  high Reynolds number supersonic flows by empir ica l  methods i n  the absence 
of any confirming experimental data. The wedge hot-f i lm probe represents  a comple- 
mentary system t o  t h e  laser velocimeter for supersonic flow measurements.  
As a f ina l  no te ,  t he  r e sponse  of t he  wedge ho t - f i lm  p robe  in  t r anson ic  to  low 
supersonic flows should not be ex t r apo la t ed  to  o the r  wedge geometries and flow 
reg imes   w i thou t   ca re fu l   i nves t iga t ion .   In   t h i s   pape r ,   a  40° semivertex wedge angle  
w a s  s tud ied ,  and  the  resu l t s  ind ica ted  tha t  i ts  hea t  t ransfer  proper t ies  depended  on 
Mach number even though the bow shock is detached throughout the supersonic flow 
range invest igated.  Certainly one would expec t  tha t  wi th  increas ing  bow shock 
angles ,  the  wedge probe would begin  to  behave  l ike  the  cy l indr ica l  p robe  whose bow 
shock is always  detached. It would be of subs t an t i a l  impor t ance  to  examine  a wedge 
probe  wi th  a  la rger  semiver tex  angle  or  one  f i t t ed  wi th  a rounded nose. 
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
March 2, 1983 
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APPENDIX 
CONDUCTION END LOSS  ESTIMATE  FOR THE CYLINDRICAL  HOT-FILM  PROBE 
Figure  2 i l lustrates the  c ros s  sec t ion  o f  cy l ind r i ca l  ho t - f i lm  probe. The com- 
plex geometry associated w i t h  the  var ious  material l a y e r s  c l e a r l y  s u g g e s t s  t h e  u s e  o f  
a numerical   approach t o  so lve  for h e a t  t r a n s f e r r e d  by conduction. However, as is 
shown below us ing  a one-dimensional approximation, the numerical approach is n o t  
necessa ry  because  the  hea t  t r ans fe r r ed  by conduct ion  represents  a small f r ac t ion  o f  
t h e  t o t a l  h e a t  t r a n s f e r r e d  f o r  p r o b e s  o p e r a t i n g  a t  high  Reynolds  numbers. The one- 
dimensional estimate assumes tha t  the  pr imary  mode o f  h e a t  t r a n s f e r  by conduction is 
through  the  thin  nickel   f i lm.   This   assumption is j u s t i f i e d  on t h e  b a s i s  t h a t  t h e  
thermal  conduct iv i ty  of n i c k e l  is approximately 100 times t h a t  of t he  qua r t z  f ibe r .  
The energy equat ion for  this  problem is given by 
I Ra 
2 t k o )  d 2T 
2L [ I  + a ( T  - Tal] = RDhc(T - Tr) - -- 2 
dx 
where R, is the   p robe   r e s i s t ance  a t  ambient  emperature Ta and  the  value  selected 
f o r  D is the  diameter represent ing   an   equiva len t   c ross -sec t iona l  area f o r   t h e  
n icke l   f i lm.   In   equat ion   (Al ) ,  I r ep resen t s   t he  electrical current   f lowing  through 
the   f i lm ,  and T represents   the   t empera ture   o f   the   n icke l   a long   the   cy l inder   ax is  
x.  For t h e  p r o b e  i l l u s t r a t e d  i n  f i g u r e  2, the   equivalent   probe  diameter  is  
D = 11.5 p. Solu t ion  of t h e  above  quat ion,   subject  t o  T = T a t  x = L and 
dT/dx = 0 a t  x = 0, provides  the  fo l lowing  estimate f o r  h e a t  t r a n s f e r r e d  by convec- 
t i o n  Qc and  conduction Qk : 
r 
Qk = D 2 k o b 2 b   t a n h ( f i  L) 
where 
47tLDhC - 2 a I  R 2 
b l  = P a  
7rLD 2ko 
I Ra[l + a(T - T a l l  2 
b 2 -  
- 
27cLDhc - a1 2R 
P a  
( A 2  





Both Qc and (& can be solved  for   numerical ly  by determining  the  convect ive  heat  
t r a n s f e r   c o e f f i c i e n t   h c  from the   p robe   ca l ibra t ion   da ta .   These   resu l t s   a re  shown 
i n  f i g u r e  24. The r e s u l t s  i n  t h i s  f i g u r e  s h w  t h a t  i n  terms of the  parameter 
e = %/(Q C + & I ,  th e h e a t   t r a n s f e r r e d  by conduction is of less s ign i f i cance  wi th  
increasing  probe  Reynolds number and  temperature  overheat. 'Ihe Reynolds number is 
based on t h e  a c t u a l  7 0 - p  diameter of the hot-fi lm probe. The one-dimensional  model 
estimate i n  f i g u r e  24 i l lustrates that  heat  conduct ion is r e l a t i v e l y  s m a l l  i n  t h e  
high  probe  Reynolds number. range  of  th i s  s tudy .  The lower set  of d a t a  i n  f i g -  
ure   24(c)  is  f o r  t h e  h i g h e s t  Mach number (i.e., M = 2.0). 
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TABLE I.- HOT-FILM  PROBES 
is  2.57 62 f o r   c y l i n d e r ,  3.33 62 f o r  wedge; D i s  70  p 
for  c y l i n d e r ,  130 p f o r  wedge e q u i v a l e n t  1 
Probe  typea Descr ipt ion Designation 
a 
mm 62 
L, R a  
~. . 
55R31 
1.25 5.28 .0041 Cylinder 3 55R01 
1 .oo 10.98 .0041 Wedge Z 5 5R3 2 
1 .oo 10.37  .0044 Wedge Y 55R32 
1 .oo 10.42 0.0046 Wedge W 
~~ 
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L 10 pm n i c k e l  f i l m ,  w i t h  t h i n  o u t e r  q u a r t z  c o a t i n g  
Figure 1.- Commercial hot-film wedge probe.  Linear  dimensions 
a re  i n  millimeters. 
- 5  pm q u a r t z  c o a t i n g  
30 pm copper and  go ld  coa t ing  
10 pm n i c k e l  f i l m  
Q u a r t z  fiber 
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Figure 3.- Exi t  mean mass f lux  var ia t ion  versus  nozz le  pressure  
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Figure 4.- Response  of cy l indr ica l  ho t - f i lm probe  3 t o  
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Figure 5.- Response of wedge hot-film probe Z t o  Reynolds number based on 
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Figure 6.-  Wedge hot-f i lm probe response to d e n s i t y  w i t h  v e l o c i t y  
as  a parameter. T = 0.54.  
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Mach Velocity,  
number U, m/sec 
0 1-00 345 
0 1.41  410 
a 1.99 512 
Q Ll  I I I I I 1 I I 
0 1 2 3 4 
(U/Ca) (P/P,) 
0.765 0.5 
Figure 7 . -  Heat transfer correlation with velocity and 
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(a)   Probe Z da ta ;  T = 0.54. 
Figure 8.- Wedge hot-fi lm probe response to Reynolds number based 
on f ree-s tream temperature.  
Mach 
number 
1.00 (with  subsonic  data) 
0 1.41  
A 1-99 
(b) Probe Y d a t a ;  'I; = 0.6. 
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0 1.41 
A 1.99 
NU 0 = 0.33(Re,)1'2 + 17.0 
( c )  Probe W data;  z = 0.99. 
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Figure 9.- Var ia t ion  of temperature r ecove ry  r a t io  (q = Tr/To) 









Figure 10.- Variation of temperature recovery ratio (q = Tr/To) w i t h  
Mach number. Data points  are  averages over  Reynolds number of q for  
each Mach number. 
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Cylinder  probe 
(Morkovin  1956 1 
\ Wedge probe 
I l l  I l l 1   I l l 1  1 1 1 1  I I ;\I I 
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Mach number 
Figure 11 .- Variat ion of loga r i thmic  de r iva t ive  of temperature recovery 




‘I A B 
0 0.21 0 .38  16.7 
0 .37 .36 16.4 
A .54 .35 16.0 
- Nu = A(Rem)l12 + B 
0 
Figure  12.- Dependence  of wedge hot-fi lm probe response on temperature loading. 
Data f o r  a l l  Mach numbers included. 
*wr = 0.17 
f (M,Rem, 8)  .2 
Figure  13.- Rela t ive  impor tance  of the  dependence Of temperature  recovery 
r a t i o  on Mach number. M = 1.25. 
1 -  
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T = 0.43 w r  
F igure  14.- Es t imated  var ia t ion  of wedge p robe  ve loc i ty - to -dens i ty  sens i t i v i ty  
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0 1.99 29100 
- Equation  (31) 
Figure 16.- Estimation of v a r i a t i o n  of loga r i thmic  de r iva t ive  of N u s s e l t  
modulus with temperature overheat.  
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Figure 17.- Relative importance of dependence of logarithmic derivative of 
Nusselt modulus  on temperature  overheat. M = 1.25. 






Figure 18.- Estimated variation of temperature-to-velocity sensitivity ratio 
with temperature loading. 
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(b) ReoD = 35000. 
Figure 18.- Concluded. 
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( a )  Mach number as   parameter .  Re- = 35000. 
Figure 19 .- Est imated  var ia t ion  of t e m p e r a t u r e - t o - d e n s i t y  s e n s i t i v i t y  r a t i o  
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(b) Free-stream  Reynolds number as parameter. M = 1 . 2 5 .  
Figure 19.- Concluded. 
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(a) Rem = 2500. 
Figure 20.- Est imated var ia t ion of v e l o c i t y - t o - d e n s i t y  s e n s i t i v i t y  r a t i o  
with  temperature  loading. 
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(b) Re, = 35000. 







(b) D e n s i t y  s e n s i t i v i t y .  
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Figure  21 .- Concluded 
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r 0 3.60 1.00  .5 \ t 0 2.70 1 . 4 1  .5 A 3.59 1 .41  .5 0 4.75 1 .99  .6 - Equat ion  ( 4 4 )  (k = 0) --- Equation  ( ,44) (.k = .948) 
F i g u r e  22.- D i r e c t i o n a l  yaw re sponse  of c y l i n d r i c a l  h o t - f i l m  p r o b e  3 a t  
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- Equation (44) (k = 0 )  
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Figure 23.- Directional yaw response of wedge hot-fi lm probe Y at  subsonic 
and sonic speeds.  
0. . . . . .  
(a) ‘c = 0.25. 
. .. 
Figure  24.- Estimate of conduct ion  end  loss for a l l  Mach numbers. 
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( c )  T = 0.75. 
Figure 24.- Concluded.  
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A commercial wedge ho t - f i lm  probe is s t u d i e d  t o  d e t e r m i n e  i ts  h e a t  t r a n s f e r  r e s p o n s e  
i n  t r a n s o n i c  t o  l o w  supersonic   f lows   of   h igh   un i t   Reynolds   number .  The r e s u l t s  o f  
t h i s  s t u d y  show t h a t  i ts  r e s p o n s e  i n  t h i s  f l o w  r e g i m e  d i f f e r s  f r o m  t h e  r e s p o n s e  o f  
c y l i n d r i c a l   t y p e   s e n s o r s .   w h e r e a s  the c y l i n d r i c a l  s e n s o r  h a s  t h e  same s e n s i t i v i t y  t o  
v e l o c i t y  as t o  d e n s i t y  f o r  f r e e - s t r e a m  Mach numbers exceeding 1.3, t h e  wedge probe 
s e n s i t i v i t y  t o  v e l o c i t y  i s  a l w a y s  g r e a t e r  t h a n  i ts  s e n s i t i v i t y  t o  d e n s i t y  o v e r  t h e  
e n t i r e  f l o w  r e g i m e .  T h i s  p r o p e r t y  r e q u i r e s  d e t e r m i n a t i o n  o f  t h r e e  f l u c t u a t i o n  com- 
ponents  - due t o  dens i ty ,  ve loc i ty ,  and  t empera tu re  - i n  a t r a n s o n i c  or s u p e r s o n i c  
t u r b u l e n t  f l o w .  S e n s i t i v i t y  e q u a t i o n s  are der ived  based  on  the  observed  behavior  of  
t h e  wedge p robe .   Bo th   t he   du rab i l i t y   and   t he   f r equency   r e sponse   o f   t he   p robe  are 
e x c e l l e n t ,  t h e  s q u a r e  wave i n s e r t i o n  t e s t  ind ica t ing  f r equency  r e sponse  nea r  130  kHz. 
The d i r e c t i o n a l  r e s p o n s e  o f  t h e  probe a t  sonic  speed  i s  p o o r  a n d  r e q u i r e s  f u r t h e r  
examinat ion before  Reynolds  stress measurements are a t t e m p t e d  w i t h  d u a l  s e n s o r  
probes .  
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